ABSTRACT Nanofluid is an innovative approach to improve the thermal conductivity of fluid by adding nanoparticles. Transformer oil-based nanofluids have been prepared and measured, which verifies the concept and demonstrates the potential in oil-immersed power transformer applications. In this paper, the effect that nanofluids (oil/SiC) have on the natural convective heat transfer in disc-type transformer windings is investigated numerically. The multi-phase mixture model is employed for the first time to analyze such a nanofluid flow field, and the single-phase model is also used for comparison and mutual authentication. After using the nanofluid, significant temperature drops inside the windings are observed, and in some cases, the heat transfer performance is further improved by the adjusted mass flow rate distribution. The impact of nanofluids is enhanced with the rising volume fraction of nanoparticles. Before performing the study, the numerical model is validated using the existing results of the referenced windings cooled by transformer oil.
I. INTRODUCTION
Mineral oil has been widely used in power transformers to serve as the coolant and the dielectric, especially for high-voltage and high-power transformers. According to the cooling mechanism, oil-immersed transformers can be classified either as natural oil cooling (ON), oil forced cooling (OF), or oil directed cooling (OD). ON transformers have a simple structure and high stability. The lift force of flow is generated by the density discrepancy of oil at different temperatures. OF transformers acquire an improvement on the convection coefficients of cooling equipment by increasing the velocity of flow with the help of pumps, while the oil flow in the windings is still a thermosiphon flow. To reduce the hotspot temperature, oil is pumped and forced to flow through the horizontal cooling ducts in the windings, and this type of transformer is named OD transformer. However, the increase in flow velocity exacerbates the electrification of oil.
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The accumulated charges may discharge onto the insulation board and shorten the transformer service life [1] . Another approach to enhance the heat transfer performance of oil-immersed transformers is to improve the inherently low thermal conductivity of transformer oil by dispersing solid particles of high thermal conductivity into the oil. This concept was proposed by Maxwell and realized by Eastman et al. [2] for the first time using nanoparticles. The mixture, prepared with base fluids and nanoparticles, is named nanofluid. Properties of transformer oil-based nanofluids with different nanoparticles and concentrations have been measured, which show significant improvement in terms of thermal conductivity [3] - [5] . The DC/AC dielectric strength of transformer oil-based nanofluids with specific nanoparticles and volume fractions is enhanced simultaneously [4] - [6] .
Accurate prediction of the hot-spot temperature-rise in transformer windings is crucial for an appropriate thermal design. The thermal-hydraulic networks are proposed to determine the temperature and the flow distribution in oil-immersed transformer windings, in which the heat conduction sub-model and the hydraulic sub-model are coupled by the boundary conditions on the solid-liquid interfaces [7] , [8] . Numerical methods, which have the ability to handle irregular geometry, complex flow field and material nonlinearity, have also been applied in the thermal performance analysis of oil-immersed transformer windings [9] - [14] . In order to evaluate the hot-spot temperaturerise of windings accurately, both solid parts and coolants are considered in the computational domain. This is especially critical for ON transformers, in which the heat transfer is strongly coupled with the oil flow [15] . In numerical methods, such as finite volume method (FVM), the heat transfer between windings and coolants are solved without any boundary conditions imposed on the interface. Temperature-dependent parameters, such as material properties and boundary conditions, are readily embedded in the numerical model [12] . In a word, more detailed and accurate solutions could be derived using numerical methods.
According to the literatures [3] , [4] , [6] , several categories of transformer oil-based nanofluids have been prepared and measured. However, there is no numerical analysis or experimental study on the temperature and flow distribution in nanofluid cooled transformer windings. In the literatures [16] - [19] , which numerically analyze the nanofluid flow in simple containers, two types of models are used to characterize the nanofluid, and they are, namely, the singlephase model and the multi-phase model. As nanofluid consists of two phases, the solid phase and the liquid phase, the use of multi-phase model is straightforward, and multiphase models, such as the mixture model and the Eulerian model, are reported to be more precise than the single-phase model [17] - [19] . In the single-phase model, the nanofluid is regarded as a homogenous mixture with equivalent properties [20] , [21] . In the multi-phase models, interactions between phases are considered, and the volume fraction distribution of phases can be derived along with the fields. The major drawback of multi-phase models is more equations are involved in the governing equations.
In this paper, the disc-type windings of a natural nanofluid (oil/SiC) cooling transformer are modelled and analyzed numerically. It is the first time to implement the mixture model to study such a nanofluid flow field, and the single-phase model is also used for comparison and mutual authentication. The existing results of the referenced windings cooled by transformer oil [9] are treated as the references for the validation of the numerical model. The evaluation focuses on the changes in temperature profile, mass flow rate distribution and pressure drop after using the nanofluid. In order to give a rounded analysis, the effect of volume fraction of nanoparticles is taken into consideration.
II. MATHEMATICAL MODELLING
Owing to the axisymmetric structure of the windings, twodimensional (2D) model [22] instead of three-dimensional (3D) model [10] is employed in the following analysis.
The governing equations used to represent the fields depend on the pattern of fluid motion and the nanofluid model. In the single-phase model, the nanofluid is regarded as conventional single-phase fluid. Nanofluid is modelled integrally using the equivalent properties, and no more additional terms or equations are required for the dispersed nanoparticles. These multi-phase models, such as the mixture model, take these terms and equations into account. Moreover, the nanofluid flow in the ON transformer windings is laminar, since the velocities are quite low. Hence no turbulence model is needed. The problem of continuous fields is then discretized and solved with numerical methods and the mesh file of the computational domain. In this paper, the FVM based software package Ansys-FLUENT is adopted to solve the convective heat transfer problem. 
A. GEOMETRY AND BOUNDARY CONDITIONS
The low-voltage windings of an ON power transformer rated at 66MVA [9] , in which the regular transformer oil is replaced by nanofluid (oil/SiC), are modified and modelled to evaluate the performance of nanofluid. An axisymmetric 2D model is built for one pass of the low-voltage windings, as shown in Fig. 1 . This pass contains two vertical ducts, twenty horizontal ducts and nineteen discs, and the horizontal ducts and the discs are sequentially numbered according to the X-axis direction, respectively. The insulation paper around the conductors is also taken into consideration in the model. The notations in Fig. 1 have the following dimensions:
As Fig. 1 shows, oil flows into this pass from the outer vertical duct, through the horizontal ducts and out of this pass from the inner vertical duct. The oil that flows in the horizontal ducts of the subsequent pass is exactly in the opposite direction of that in this pass. These two types of passes with opposite inlet positions constitute the zig-zag cooling system of windings. Therefore, the pass with inlet on the inner vertical duct is also included in the following analysis. The conductors are imposed on homogeneous heat sources (676.9W /disc), which are conducted to the solid-liquid interface and dissipated to the coolants through convection. These two oil washers and the surrounding cylinders with low thermal conductivity are considered as adiabatic. The inlet boundary condition derived by heat run test is an isothermal flow (T inlet = 319.85K ) with the velocity of 0.0592 m/s, and the outlet is set with a pressure boundary condition (0 Pa). This inlet boundary condition applies to the transformer oil cooling and the nanofluid cooling, and the influence of nanofluid on the inlet flow is neglected to isolate the effect that nanofluid has on the convective heat transfer inside the windings. 
B. MATERIAL PROPERTIES
The properties of SiC nanoparticle with the diameter of 100nm are listed in Table 1 along with the properties of copper and insulation paper. All these properties are considered as temperature independent, while the properties of transformer oil vary with temperature as follows [12] :
where; ρ, C, µ, and k are density, specific heat, viscosity and thermal conductivity, respectively; the transformer oil is indexed by the subscript f .
C. THE SINGLE-PHASE MODEL
In the single-phase model of nanofluid [16] - [21] , it is assumed that the nanoparticles are uniformly dispersed in the base fluid. Moreover, the velocity discrepancy and interactions between phases are neglected. The properties of nanofluid are represented by equivalent models which are affected by multiple variables, such as the species, the dimension and the volume fraction of nanoparticles. The formulas for the density and the specific heat of nanofluid is relatively straightforward, as given by
where; ∅ is the volume fraction of nanoparticles; the nanofluid and the nanoparticle are noted by the subscript nf and p, respectively. However, for the viscosity and the thermal conductivity, a uniform model working for all types of nanofluids does not exist. In this paper, the Einstein viscosity formula based model [23] which considers the dimension of the nanoparticle is used to predict the nanofluid viscosity and the thermal conductivity model [24] derived by fitting experimental data is adopted
where; r is the average radius of the nanoparticle; Pr is the Prandtl number; T fr is the freezing point of the base liquid; the Reynolds number of nanoparticle is defined as
where; k b is the Boltzmann constant (1.38066×10 −23 JK −1 ); d p is the diameter of the nanoparticle. It is worth noting that the viscosity and the thermal conductivity of nanofluids increase with the rising volume fraction. It can be seen from (8) and (9) that the influence of temperature on the thermal conductivity is considered in the model, while the interaction between phases is assumed to be temperature independent in other three models. The Reynolds number for the nanofluid flow in the windings is calculated to determine the flow pattern. The average velocity is replaced by the inlet velocity which is relatively large, and the calculated Reynolds numbers (<1000) for all the flows in this study are much smaller than the critical Reynolds number of turbulence (2100). Therefore, the studied nanofluid flows are all laminar. The governing equations for laminar nanofluid flow represented by the single-phase model are identical to that of conventional single-phase flow, as given by Continuity,
Momentum and,
Energy,
where; V is the velocity vector; P is the pressure; g is the gravity vector; S e is the heat source.
D. THE MIXTURE MODEL
Like the single-phase model, the governing equations of continuity, momentum and energy in the mixture model are formulated for the mixture rather than for each phase, while the velocity difference and the interaction between phases are considered in the momentum and energy equations [18] , [19] . Moreover, one more equation for the volume fraction of nanoparticles is included in the governing equations, which are given by Continuity,
Momentum,
Energy and,
Volume fraction,
V m is the mass-averaged velocity of the nanofluid
The stress tensor τ is defined as:
The drift velocity V dr,p is connected to the relative velocity V pf by the following formula:
An algebraic formulation for the relative velocity [25] , which is based on the assumption of a local equilibrium between phases over a short length scale, is adopted
where a is the acceleration,
and the drag force function f drag is proposed by [26] In the mixture model, the governing equations, which include the continuity equation of the mixture, the momentum equation of the mixture, the energy equation of the mixture, the volume fraction equation of the secondary phase, and the algebraic expressions of the relative velocities, are solved. As a consequence, the number of variables in the mixture model is larger than the single-phase model and smaller than the full multiphase model.
III. RESULTS AND DISCUSSION

A. MODEL VALIDATION AND GRID-INDEPENDENCE STUDY
Both the transformer oil flow and the nanofluid flow are solved with the pressure-based steady-state solver in a coupled manner. To validate the accuracy of the numerical model and the solver, the referenced wingding [9] is recalculated firstly, solutions of which are compared with the existing results in [9] . As shown in Fig. 2(a) , the same hot-spot location (disc 16) with the temperature of 365.04K is derived, and the error of this maximum temperature is about 0.9% (3.5K). In addition, the results of mass flow rate fraction obtained in this paper, which are given in Fig. 2(b) , are in good agreement with those given in [9] . Consistent with the reference, the first duct has the largest mass flow rate fraction, which is located in the interval (18%, 19%), and the mass flow rate fraction of the last duct is relatively small, about 3%. Hence the correctness of the numerical model and the solver is validated. These two modified passes with transformer oil cooling are solved with the validated solver, and the results are treated as the references for the nanofluid cooling to estimate the heat transfer performance. The contours of the temperature of these two passes with opposite inlet positions are given in Fig. 3 . With more coolant flowing into the later pass shown in Fig. 3(b) , its hot-spot temperature is much lower than that of the former pass. There are approximately 1.2 million quadrilateral elements in the FVM mesh, part of which is shown in Fig. 3(a) . The mass flow rate distribution in the horizontal ducts is obtained and shown in Fig. 4 . It is worth noting that the pass with inlet on the inner vertical duct has a relatively uniform mass flow rate distribution, leading to a smaller temperature discrepancy among the discs. Discs surrounded by ducts with the smallest mass flow rate distribution (MFRD), which is defined as (23) rather than the top discs, have the highest temperature-rise (see Fig. 4 ). The hot-spot locations of these two passes are disc fourteen and disc fifteen, respectively. Mesh generated in the analysis of transformer oil cooling is used in the study of oil/SiC nanofluid (1% volume fraction of nanoparticles) cooling, and refined meshes with more elements are introduced to ensure the grid-independence of the results. For flows in simple geometries, a general reference for the grid-independence is the variation in the average Nusselt number [27] . Since the pass geometry is complicated, it is difficult to determine the characteristic length, the heat flux and the temperature difference for the whole system. Another alternative for grid-independence validation is to compare the maximum and mean temperature variation [9] . Two refined meshes with about 8% and 16% more elements are generated by constraining the element sizing globally. The maximum temperature and average temperature changes are less than 0.2% (0.59K) and 0.3% (0.97K) when using the single-phase model, and the corresponding changes for the mixture model are 0.4% (1.39K) and 0.3% (0.85K), respectively. Then the initial mesh is feasible for this specific problem.
B. COMPARISON BETWEEN THE NANOFLUID COOLING AND THE TRANSFORMER OIL COOLING
For a convection flow, the heat transfer coefficient on the solid-liquid interface increases with the improvement of the thermal conductivity of coolants. Hence the same amount of heat could be dissipated to the ambient coolants with a relatively small temperature difference. In addition to the thermal conductivity, the viscosity of transformer oil is increased by adding nanoparticles. In the following analysis, the transformer oil is replaced by the oil/SiC nanofluid (1% volume fraction of nanoparticles), and the numerical results of transformer oil cooling are used as the references for nanofluid cooling.
The mixture model is implemented to study the nanofluid flow in the windings, and the single-phase model is also used for comparison and mutual authentication. The pass with inlet on the outer vertical duct is calculated firstly, and an overall reduction in temperature is observed through comparing the results with the references, as shown in Fig. 5(a) and Fig. 6(b) . The maximum temperature-rise reduction in Fig. 5(a) , which is calculated for each disc, is defined as follows: (24) It can be found that the peak locations in Fig. 5 (a) are almost coincident with the peak location of the transformer oil cooling temperature profile, which is shown in Fig. 4 . The results of relative mass flow rate increment, which is calculated for each duct and defined by
explain and confirm the variation on maximum temperaturerise of each disc (see Fig. 5(b) ). Moreover, the heat transfer coefficient of disc is increased in a similar manner to the curve given in Fig. 5(a) . It is worth noting that these two models give quite close results for the thermal and fluidic field in the windings, which strengthens the effectiveness of the numerical analysis by mutual authentication. The detailed results of the mass flow rate distribution of this pass are listed in Table 2 for a clear illustration. The superscripts P, S, and M represent the solution of the pure transformer oil, the single-phase model, and the mixture model. Compared with the mixture model, larger MFRD increments are derived by the single-phase model in the ducts 13, 14, 15, and 16, which have the smallest MFRD.
Thus, a better performance is obtained in the vicinity of the hot-spot disc using the single-phase model, by virtue of the higher relative mass flow rate increment as shown in Fig. 5(b) . There is a maximum difference of 1.7% in the heat transfer coefficient of disc between these two models. Owing to the great density of dispersed nanoparticles, the density of nanofluid is higher than that of transformer oil. The velocity of flow, which is another variable involved in the drag equation, decreases slightly after the addition of nanoparticles. Under the combined effect of increasing density and decreasing velocity, the pressure drop in this pass, which is defined as the difference between the mass flow averaged pressures at the inlet and outlet, is reduced slightly when using this nanofluid, as shown in Fig. 7 . As introduced before, the equation for the volume fraction of nanoparticles is included in the mixture model, and the results for the pass with inlet on the outer vertical duct is shown in Fig. 6(a) . Overall, the concentration of nanoparticle is inversely proportional to the temperature of nanofluid. For nanofluid in the horizontal ducts, the inside temperature is much higher than the outside temperature. Hence these horizontal ducts witness an upward trend in the volume fraction from the inside of ducts to the outside of ducts, which is opposite to the trend in temperature change.
The nanofluid flow in the pass with inlet on the inner vertical duct is calculated and compared to the reference. It is found that the influence of nanofluid on the mass flow rate distribution is relatively small, as shown in Fig. 8(b) . Even so, a more pronounced effect is derived with the single-phase model. The improvement on heat transfer is mainly achieved by the increased thermal conductivity, hence the thermal field results obtained by these two models, which are given in Fig. 8(a) , are roughly consistent. Comparing the results of these two models, the maximum difference in the heat transfer coefficient of disc is less than 0.2%. With a weak effect on the flow field and a significant increase in the density, the pressure drop in this pass increases slightly after using the nanofluid, as shown in Fig. 7 . Despite the varying effects that nanofluids have on the flow fields, the improvement in thermal conductivity produces distinct temperature drops over the entire pass. Moreover, it is concluded from the results of these two passes that the heat transfer performance can be further improved by the adjusted mass flow rate distribution. The effectiveness of the numerical analysis is strengthened by the mutual authentication of these two models. Since the mixture model is reported to be more precise than the single-phase model [18] , [19] , the mixture model is adopted in the following analysis of volume fraction.
C. EFFECT OF THE VOLUME FRACTION
The impact that the volume fraction of nanoparticles has on the heat transfer in the windings is measured by considering four more nanofluids with the volume fraction of 1.5%, 2%, 2.5%, and 3%. The calculated results for these two passes are given in Fig. 9 and Fig. 10 , respectively. The numerical results obtained in the former section are also included in these figures for comparison. It is worth noting that the overall tendency of these two parameters (p 1 and p 2 ) along the flow direction is maintained, while the effect of nanofluid is enhanced with the rising volume fraction. Hence there is a positive correlation between the volume fraction and the heat transfer performance. However, the pressure drops in these two passes grow as well, as shown in Fig. 7 , especially for the pass with inlet on the inner vertical duct. More powerful pumps are required to compensate the increasing pressure drop across the windings. All these observed variations are correlated with the properties of nanofluids, which are determined by the volume fraction of the nanoparticles. To cope with these mentioned factors and the cost, optimization algorithms may be used to find the Pareto front for practical application, and the flexibility of nanofluids makes it possible to prepare the coolants as required.
IV. CONCLUSION
In this paper, the heat transfer in disc-type transformer windings cooled by natural oil/SiC nanofluid is investigated numerically. Although nanofluids have different effects on the flow fields, distinct temperature drops can be observed in these two passes after using the nanofluid. The pass with inlet on the outer vertical duct also witnesses a significant improvement in the mass flow rate distribution, which further improves the heat transfer performance of the nanofluid. Both the mixture model and the single-phase model are adopted in the analysis, and the effectiveness of the numerical analysis is strengthened by the mutual authentication of these two models. When increasing the volume fraction of nanoparticles, the nanofluids produce enhanced effects on the heat transfer and the flow field, which is accompanied by an increase in the pressure drop.
